General Considerations
This part of the report contains the quantities most commonly used for measurement and calculation in radiation protection. With the exception of personal dose equivalent (see Section 1.4.3.2), all definitions are in line with those given in ICRU Report 33 (ICRU, 1980) and ICRU Report 39 (lCRU, 1985) , where additional information can be found.
A physical quantity is a property of a physical object or phenomenon that can be quantified by measurement and by calculation. Physical quantities are often interrelated and defined in terms of quotients or products of other quantities (e.g., the absorbed dose (see Section 1.3.2) is defined as the quotient of mean energy imparted and mass). Such simple relationships (products or quotients) are used to establish systems of physical quantities starting from a few base quantities. As the coherence of such systems is vital, great care has to be taken in the definition of physical quantities.
Physical quantities often serve for a simplified and idealized description ofthe phenomena of nature. It is necessary to state the simplifications employed in order to ensure the correct use of quantities according to their definitions.
Some attributes of physical quantities are that they should be: general (widely applicable in practical situations), unequivocal (not ambiguous and with no hidden conventions implied; the name of a quantity should be sufficiently specific to leave no doubt as to its nature), -necessary (not redundant), -accessible to measurement and calculation. The quantities given below provide a coherent system of physical quantities for use in radiation protection.
Radiometric Quantities
Radiation fields composed of all types of radiations are characterized by radiometric quantities which apply in free space as well as in matter.
One of the most useful radiometric quantities is the fluence, CPo
The fiuence, CP, is the quotient of dN by da, where dN is the number of particles incident on a sphere of cross-sectional area da, thus More specific radiometric quantities which are distributions of fluence in time, energy and direction are defined as differential quotients in ICRU Report 33 (lCRU, 1980) . The numerator is the differential of the fluence and the denominator is the differential of time, energy, direction, or some product of them.
Dosimetric Quantities
Dosimetric quantities are intended to provide a physical measure at a point or in a region of interest which is correlated with actual or potential effects of ionizing radiations. Although, by the application of interaction coefficients, dosimetric quantities can be derived from radiometric quantities describing the radiation field, they are defined directly in this report, corresponding to the way they are usually measured.
The fundamental dosimetric quantity is the absorbed dose, D, together with its distributions, for instance in time, t, and in linear energy transfer, L. Because the definition of absorbed dose involves the quantity energy imparted, E, the definition of this quantity is given below. The definitions for two physical quantities, linear energy transfer, L, and lineal energy, y, used as parameters for the distribution of absorbed dose, are also given. These definitions are in line with ICRU Report 33 (lCRU, 1980) , where additional information is given.
Energy Imparted
The energy imparted, E, by ionizing radiation to matter in a volume, is
where R in is the radiant energy incident on the volume, i.e., the sum of the energies (excluding rest energies) of all those charged and uncharged ionizing particles which enter the volume, Rout is the radiant energy emerging from the volume, i.e., the sum of the energies (excluding rest energies) of all those charged and uncharged ionizing particles which leave the volume, and I Q is the sum of all changes (decreases: positive sign; increases: negative sign) of the rest mass energy of nuclei and elementary particles in any interactions which occur in the volume.
Unit: J
The expectation value of E, termed the mean energy imparted, E, is closely related to the definition of absorbed dose.
Absorbed Dose
The absorbed dose, D, is the quotient of dE by dm, where dE is the mean energy imparted by ionizing radiation to matter of mass dm, thus
The special name for the unit of absorbed dose is gray (Gy).
The definition of the absorbed dose, D, as a point function, allows the specification of the spatial variations of D as well as the distribution of the absorbed dose in linear energy transfer (see Section 1.3.6) at the point of interest.
Absorbed Dose Rate
The absorbed dose rate, D, is the quotient of dD by dt, where dD is the increment of absorbed dose in the time interval dt, thus
The special name for the unit of absorbed dose rate is gray per second (Gy s -1 ).
Linear Energy Transfer
The linear energy transfer or linear collision stopping power, L, of a material, for a charged particle, is the quotient of dE by dl, where dE is the mean energy lost by the particle, due to collisions with electrons, in traversing a distance dl, thus Unit: J m-I E may be expressed in e V and hence L may be expressed in eV m-I or some convenient submultiple or multiple, such as keY J.Lm-1 .
A more general concept of linear energy transfer involves an energy cutoff. For the present report, however, the simpler definition of the (unrestricted) linear energy transfer, as given above, is adequate.
Lineal Energy
The lineal energy, y, is the quotient of E by I, where E is the energy imparted to the matter in a volume of interest by an energy-deposition event and I is the mean chord length in that volume, thus
E may be expressed in e V and hence y may be expressed in eV m-1 or some convenient submultiple or multiple, such as keY J.Lm-I .
An energy-deposition event consists of statistically correlated depositions of energy as, for example, those by high energy particles and/ or their secondary electrons.
The lineal energy is similar to the linear energy transfer since both quantities are defined as a quotient of energy by length. However, whereas linear energy transfer is a non-stochastic quantity, lineal energy is a stochastic quantity.
Distribution of Absorbed Dose in Linear Energy Transfer
The distribution of absorbed dose in linear energy transfer, DL , is the quotient of dD by dL, where dD is the absorbed dose contributed by primary charged particles with linear energy transfers between Land L +dL, thus
The distribution of absorbed dose in lineal energy, y, is also used, primarily because it is more readily measurable than DL . The relation between distributions in linear energy transfer and in lineal energy is considered in ICRU Report 40 (lCRU, 1986).
Dose-Equivalent Quantities
A quality factor, Q, is introduced to weight the absorbed dose for the biological effectiveness of the charged particles producing the absorbed dose. It is formulated to take account of the relative effectiveness of the different types of ionizing radiations at the low exposure levels encountered in routine radiation protection practice.
A functional dependence of Q on linear energy transfer, L, in water has been given by the ICRP. The numerical relation, Q (L), as specified by ICRP in 1991, is set out in Appendix A.
6
The quality factor, Q, at a point in tissue, is given by
where D is the absorbed dose at that point, DL is the distribution of D in linear energy transfer L, and Q(L) is the corresponding quality factor at the point of interest. The integration is to be performed over the distribution DL , due to all charged particles, excluding their secondary electrons.
The quality factor, Q, has been considered in a report of a Joint Task Group of the ICRP and the ICRU. In that report (ICRU, 1986) , it is concluded that, for purposes of radiation protection, radiation quality should be specified in terms oflineal energy,y, in a 1-fLm diameter sphere of ICRU tissue (muscle). While the definitions are given here in terms of DL , it will be noted that in measurements, one usually determines Dy , the distribution of absorbed dose iny, so that approximations then have to be used to derive DL (see ICRU Report 36 (ICRU, 1983)).
Dose Equivalent
The dose equivalent, H, is the product of Q and D at a point in tissue, where D is the absorbed dose and Q is the quality factor at that point, thus H=QD.
Unit: J kg-1
The special name for the unit of dose equivalent is sievert (Sv).
Previous definitions of H included an additional factor, N, a product of other modifying factors. Its deletion was recommended by the Joint Task Group of the ICRP and the ICRU (ICRU, 1986) and by the ICRP (ICRP, 1991) .
The quantity dose equivalent is defined for routine radiation-protection applications. It should not be used in the numerical assessment of high-level exposures, for example in radiation accidents (ICRP, 1977) .
The dose equivalent, H, at a point is given by
where Q(L) is the quality factor for particles with linear energy transfer L, and DL is the spectral distribution in terms of L of the absorbed dose at the point.
Dose-Equivalent Rate
The dose equivalent rate, H, is the quotient of dH by dt, where dH is the increment of dose equivalent in the time interval dt, thus Unit: J kg-1 S-l
The special name for the unit of dose equivalent rate is sievert per second (Sv S-l).
Operational Quantities for Irradiation from External Sources
Operational quantities have been defined for practical measurements, both for area and individual monitoring. Being based on dose equivalent at a point in a phantom or in the body, they relate to the type and energy of the radiation existing at that point and can therefore be calculated on the basis of the fluence at the point.
Two quantities linking the external irradiation to the effective dose equivalent and to the dose equivalent in the skin and the lens of the eye (see section 11.4) have been introduced (ICRU, 1985) for the purpose of area monitoring. These quantities are the ambient dose equivalent, H*(d), and the directional dose equivalent, H' (d, D) . For individual monitoring, the use of the personal dose equivalent , Hp(d) , is recommended.
Radiations can be characterized as either weakly or strongly penetrating, depending on which dose equivalent is closer to its limiting value. For weakly penetrating radiation, either the dose equivalent in the lens of the eye or that in the skin is relevant. For strongly penetrating radiation, the effective dose equivalent is appropriate.
Area Monitoring
For purposes of routine radiation protection, it is desirable to characterize the potential irradiation of individuals in terms of a single dose equivalent quantity that would exist in a phantom approximating the human body. The phantom selected is called the ICRU sphere. The ICRU sphere (ICRU, 1980) is a 30-cm diameter tissue-equivalent sphere with a density of 1 g cm-3 and a mass composition of 76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen. In practical measurements, materials having elemental compositions and mass density somewhat different from those specified are often used and give adequate accuracy, although elemental equivalence may be necessary with mixed radiation fields (see ICRU Report 48 (ICRU, 1992b) ).
For area monitoring, it is useful to stipulate certain radiation fields that are derived from the actual radiation field. The terms "expanded" and "aligned" are used in this report to characterize these derived radiation fields. In the expanded field, the fluence (see Section 1.2) and its directional and energy distributions have the same values throughout the volume of interest as in the actual field at the point of reference. In the expanded and aligned field, the fluence and its energy distribution are the same as in the expanded field, but the fluence is unidirectional.
Ambient Dose Equivalent
The ambient dose equivalent, H*(d), at a point in a radiation field, is the dose equivalent that would be produced by the corresponding expanded and aligned field, in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned field.
Unit: J kg-1
The special name for the unit of ambient dose equivalent is sievert (Sv).
Any statement of ambient dose equivalent should include a specification of the reference depth, d. In order to simplify notation, d should be expressed in mm.
A quantity analogous to ambient dose equivalent can be defined in terms of absorbed dose. It is called ambient absorbed dose, D *(d).
For strongly penetrating radiation, a depth of 10 mm is currently recommended. The ambient dose equivalent for this depth is then denoted by H*(10). For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed, with analogous notation.
Measurement of H*(d) generally requires that the radiation field be uniform over the dimensions of the instrument and that the instrument have an isotropic response.
Directional Dose Equivalent
The directional dose equivalent, H' (d, {}) , at a point in a radiation field, is the dose equivalent that would be produced by the corresponding expanded field, in the ICRU sphere at a depth, d, on a radius in a specified direction, fl.
Unit: J kg-1
The special name for the unit of directional dose equivalent is sievert (Sv).
Any statement of directional dose equivalent should include a specification of the reference depth, d, and of the direction, fl. In order to simplify notation, d should be expressed in mm.
A quantity analogous to directional dose equivalent can be defined in terms of absorbed dose. It is called directional absorbed dose, D 'ed, {}).
For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed. The directional dose equivalent for these depths is then denoted by H '(0.07, fl) andH'(3, {}) . For strongly penetrating radiation, a depth of 10 mm is currently recommended, with analogous notation.
Measurement of H' (d, fl) requires that the radiation field be uniform over the dimensions of the instrument, and that the instrument have the required directional response (isodirectional response (ICRU, 1992a) ).
The specification of the direction, fl, requires the choice of a reference system of coordinates in which the direction, fl, is expressed (e.g., polar and azimuthal angles). This reference system can often be related to the radiation field. In the particular case of a unidirectional field, the direction can be specified in terms of the angle, ex, between the radius opposing the incident field and the specified radius. When ex = 0, the quantity H'(d, 0) may be written H'(d) and is equal toH*(d).
For weakly penetrating radiation, an instrument which determines the dose equivalent at the appropriate depth in a plane slab of tissue-equivalent material will adequately determine H' (0.07, fl) and also H' (3, fl) if the slab surface is perpendicular to fl.
Individual Monitoring
Instead of the two quantities defined in ICRU Report 39 (ICRU, 1985) for individual monitoring, a simplified concept, called personal dose equivalent, Hp(d), is recommended which is appropriate both for strongly and weakly penetrating radiations, depending on the value of d.
Personal Dose Equivalent
The personal dose equivalent, Hp(d) , is the dose equivalent in soft tissue, at an appropriate depth, d, below a specified point on the body.
Unit: J kg-1
The special name for the unit of personal dose equivalent is sievert (Sv).
Any statement of personal dose equivalent should include a specification of the reference depth, d. In order to simplify notation, d should be expressed in mm.
A quantity analogous to personal dose equivalent can be defined in terms of absorbed dose. It is called personal absorbed dose, Dp(d) .
For weakly penetrating radiation, a depth of 0.07 mm for the skin and 3 mm for the eye are employed. The personal dose equivalent for these depths is then denoted by H p (0.07) and H p (3), respectively. For strongly penetrating radiation, a depth of 10 mm is frequently employed, with analogous notation. Hp(d) can be measured with a detector which is worn at the surface of the body and covered with an appropriate thickness of tissue-equivalent material.
The calibration of the dosimeter is generally performed under simplified conditions on an appropriate phantom (lCRU, 1992a) .
